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SILICON MICROCHANNEL PLATE DEVICES
WITH SMOOTH PORES AND PRECISE
DIMENSIONS

FEDERAL RESEARCH STATEMENT

This invention was made with Government support under

Grant Number HR0011-05-9-0001 awarded by the Defense
Advanced Research Projects Agency (DARPA). The Govern-
ment has certain rights 1n this invention.

The section headings used herein are for orgamzational
purpose only and should not to be construed as limiting the
subject matter described in the present application.

BACKGROUND OF THE INVENTION

Microchannel plates (MCPs) are used to detect very low
fluxes (down to single event counting) of ions, electrons,
photons, neutral atoms, and neutrons. For example, micro-
channel plates are commonly used as electron multipliers 1n
image intensitying devices. A microchannel plate 1s a slab of
high resistance material having a plurality of tiny tubes or
slots, which are known as pores or microchannels, extending
through the slab. The microchannels are parallel to each other
and may be positioned at a small angle to the surface. The
microchannels are usually densely packed. A high resistance
layer and a layer having high secondary electron emission
eificiency are formed on the inner surface of each of the
plurality of channels so that the layer functions as a continu-
ous dynode. A conductive coating 1s deposited on the top and
bottom surfaces of the slab comprising the microchannel
plate.

In operation, an accelerating voltage 1s applied between the
conductive coatings on the top and bottom surfaces of the
microchannel plate. The accelerating voltage establishes a
potential gradient between the opposite ends of each of the
plurality of channels. Ions and/or electrons traveling 1n the
plurality of channels are accelerated. These 1ons and electrons
collide against the high resistance outer layer of the pore
having high secondary electron emission eificiency, thereby
producing secondary electrons. The secondary electrons are
accelerated and undergo multiple collisions with the emissive
layer. Consequently, electrons are multiplied 1nside each of
the plurality of channels. The electrons eventually leave the
channel at the output end of each of the plurality of channels.
The electrons can be detected or can be used to form 1mages
on an electron sensitive screen, such as a phosphor screen or
on a variety of analog and digital readouts.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention, in accordance with preferred and exemplary
embodiments, together with further advantages thereof, 1s
more particularly described 1n the following detailed descrip-
tion, taken 1n conjunction with the accompanying drawings.
The drawings are not necessarily to scale, emphasis instead
generally being placed upon illustrating principles of the
invention.

FI1G. 1 illustrates a process sequence for fabricating a plu-
rality of microchannel plate pores 1n a silicon substrate using,
an oxidation/re-oxidation reaction according to one embodi-
ment of the present invention.

FI1G. 2 illustrates a process sequence for fabricating a plu-
rality of microchannel plate pores 1n a silicon substrate using,
an oxidation/silicon deposition/re-oxidation reaction accord-
ing to another embodiment of the present invention.
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FIG. 3 illustrates the process sequence for depositing the
resistive and secondary electron emissive layers onto the
substrates resulting from the process sequences described 1n

connection with FIG. 1 and FIG. 2

DETAILED DESCRIPTION

Reterence 1n the specification to “one embodiment™ or “an
embodiment” means that a particular feature, structure, or
characteristic described 1n connection with the embodiment
1s 1ncluded 1n at least one embodiment of the invention. The
appearances of the phrase “in one embodiment” in various
places 1n the specification are not necessarily all referring to
the same embodiment.

It should be understood that the individual steps of the
methods of the present invention may be performed in any
order and/or simultaneously as long as the invention remains
operable. Furthermore, it should be understood that the appa-
ratus and methods of the present invention can include any
number or all of the described embodiments as long as the
invention remains operable.

The present teachings will now be described 1n more detail
with reference to exemplary embodiments thereof as shown
in the accompanying drawings. While the present teachings
are described 1n conjunction with various embodiments and
examples, 1t 1s not mtended that the present teachings be
limited to such embodiments. On the contrary, the present
teachings encompass various alternatives, modifications and
equivalents, as will be appreciated by those of skill in the art.
Those of ordinary skill 1n the art having access to the teach-
ings herein will recognize additional implementations, modi-
fications, and embodiments, as well as other fields of use,
which are within the scope of the present disclosure as
described herein.

Microchannel plates are typically manufactured using a
glass multifiber draw (GMD) process. In the GMD process,
individual composite fibers, consisting of an etchable core
glass and an alkal1 lead silicate cladding glass, are formed by
drawdown of a rod-in-tube perform, which 1s well known 1n
the art. The rod-in-tube preforms are then packed together in
a hexagonal or rectangular array. This array 1s then redrawn
into hexagonal/rectangular multifiber bundles, which are
stacked together and fused within a glass envelope to form a

; solid billet. The solid billet 1s then sliced, typically at a small
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angle of approximately 4°-135° from the normal to the fiber
axes.

Individual slices are then polished into a thin plate. The
soluble core glass 1s removed by a chemical etchant, resulting,
in an array of microscopic channels with channel densities of
10°-10"/cm”. Further chemical treatments, followed by a
hydrogen reduction process, produces the resistive and emis-
stve surface properties required for electron multiplication
within the microscopic channels. Metal electrodes are there-
alter deposited on the faces of the waler to complete the
manufacture of the microchannel plate. An alternative manu-
facturing technique performs the draw process on the clad
glass only, without core glass. This technique eliminates the

need to etch the latter on the final stages.

The hydrogen reduction step is critical for the operation of
prior art MCP devices and determines both the resistive and
the emissive properties of the continuous dynode. Lead cat-
ions 1n the near-surface region of the continuous glass dynode
are chemically reduced, 1n a hydrogen atmosphere at tem-
peratures of 350°-650° C., from the Pb” state to lower oxida-
tion states with H,O as a reaction by-product. This process
results 1n the development of significant electrical conductiv-
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ity within a submicron distance to the surface of the reduced
lead silicate glass (RLSG) dynode.

The physical mechanism responsible for the conductivity
1s not well understood but 1s believed to be due to either an
clectron hopping mechanism via localized electronic states in = 5
the band gap or a tunneling mechanism between discontinu-
ous 1slands of metallic lead within the RLSG film. The
observed electrical conductivity 1s ohmic 1n nature and 1is
similar to the conductivity of a metal due to the observed
material properties. The term “ohmic” means that the electri- 10
cal conductivity follows Ohm’s law where the resistance 1s
substantially constant as a function of applied voltage.

Furthermore, the Temperature Coellicient of Resistance
(TCR) of the RLSG 1s typically less than about 1% per degree
C. The resistance 1s 1nsensitive to applied external electric 15
field and 1s stable with applied bias. These properties are
observed 1n common metals. The presence of ohmic conduc-
tion 1s essential for stable MCP device operation. The result-
ing RLSG dynode exhibits an electrically conductive surface
with a nominal sheet resistance of 10™* Q/sq. It is known in 20
the art that the electrical characteristics of RLSG dynodes
represent a complex function of the chemical and thermal
history of the glass surface as determined by the details of its
manufacture.

During hydrogen reduction, other high-temperature pro- 25
cesses, such as diffusion and evaporation of mobile chemical
species 1 the lead silicate glass (e.g., alkali alkaline earth, and
lead atoms), act to modily the chemistry and structure of
RLSG dynodes. Materials analysis of the near-surface region
the microchannel surface of MCPs has indicated that RLSG 30
dynodes have a two-layer structure including a resistive layer
and an emissive layer.

The RLSG manufacturing technology 1s mature and results
in the fabrication of relatively mexpensive and high perfor-
mance devices. However, the RLSG manufacturing technol- 35
ogy has certain undesirable limitations. For example, both
clectrical and electron emissive properties of RLSG dynodes
are quite sensitive to the chemical and thermal history of the
glass surface comprising the dynode. Theretfore, reproducible
performance characteristics for RLSG MCPs crtically 40
depend upon stringent control over complex, time-consum-
ing, and labor-intensive manufacturing operations. In addi-
tion, the ability to enhance or tailor the characteristics of
RLSG MCPs 1s constrained by the limited choices of mate-
rials which are compatible with the present manufacturing 45
technology. Resulting performance limitations include: gain
amplitude and stability, count rate capabilities, maximum
operating temperature, background noise, reproducibility,
s1ze, shape, and heat dissipation 1n high-current devices.

The manufacture of microchannel plates according to the 5o
GMD process 1s dictated by the mechanical requirements of
the substrate as well, further restricting the choice of materi-
als available. The multifiber drawdown technique requires
that the core and cladding starting materials both be glasses
with carefully chosen temperature-viscosity and thermal 55
expansion properties. The tused billet must have properties
suitable for watering and finishing. The core material must be
preferentially etched over the cladding with very high selec-
tivity. In addition, the clad material must ultimately exhibit
suificient surface conductivity and secondary electron emis- 60
s10n properties to function as a continuous dynode for elec-
tron multiplication. This set of constraints greatly limits the
range of materials suitable for manufacturing MCPs with the
present technology. See also “Microchannel Plate Detectors,”
Joseph Wiza, Nuclear Instruments and Methods, Vol. 162, 65
1979, pages 587-601 for a detailed description of fabricating
microchannel plates from glass fibers. Numerous types of

4

substrate materials can achieve the mechanical requirements
and be used for the microchannel plate.

Recently, silicon has been used as a substrate for micro-
channel plates. See, for example, U.S. Pat. No. 6,522,061B1
to Lockwood, which 1s assigned to the present assignee. Sili-
con microchannel plates have several advantages compared
with glass microchannel plates. Silicon microchannel plates
can be more precisely fabricated because the channels can be
lithographically defined rather than manually stacked like
glass microchannel plates. Silicon processing techniques,
which are very highly developed, can be applied to fabricat-
ing such microchannel plates. Also, silicon substrates are
much more process compatible with other materials and can
withstand high temperature processing, unlike glass MCPs
which melt at much lower temperatures.

In addition, silicon microchannel devices can be easily
integrated with other devices. For example, a silicon micro-
channel plate can be easily integrated with various types of
other electronic and optical devices, such as photodectors,
MEMS, and various types of integrated electrical and optical
circuits. Previous difficulties with silicon MCPs have to do
with successiul application of resistive and emissive films
which form the continuous dynode and are necessary for the
clectron cascade. One skilled 1n the art will appreciate that the
substrate material can be any one of numerous other types of
insulating substrate materials.

Also, U.S. Pat. No. 5,086,248 entitled “Microchannel
Electron Multipliers” and U.S. Pat. No. 5,205,902 entitled
“Method of Manufacturing Microchannel Electron Multipli-
ers,” which are both to Horton et al., describe fabrication of
silicon MCP devices using dry (or reactive 1on) etch tech-
niques. One problem with using dry or reactive 1on etch
processing techniques 1s that there 1s a relatively high residual
surface roughness on the pore sidewall following the etch
process. Problems with using dry or reactive 1on etch process-
ing techniques are described in “High Aspect Ratio Dry Etch-
ing for Microchannel Plates,” Snider et al. J. Vac. Sci. Tech-
nol. B12(6), November/December 1994. This pape
attributes significant sidewall roughness to the action of 10ns
during the etch process. Substrate temperature was 1nvesti-
gated as a potential solution but did not describe the sidewall
roughness 1ssue.

Roughness of the pore sidewall directly results in a non-
umiformity of both secondary electron emission and surface
charging, both of which have a significant impact on device
gain and timing performance. Furthermore, for X-ray focus-
ing microchannel plate detectors, the reflectivity of X-rays 1s
highly dependent on the roughness of the pore walls. It 1s
thought that surface roughness of the channel plates can be
the prime factor limiting the efficiency and resolution of the
focusing optics. Finally, surface roughness increases the sur-
face area available for adsorption of contaminants, which are
later released during device operation. This increase 1n the
surface area available for adsorption of contaminants affects
both MCP lifetime as well as downstream device lifetime of
devices, such as image intensifying devices.

The present invention relates to microchannel plate devices
with continuous dynodes containing separate resistive and
emissive films which may exhibit enhanced secondary elec-
tron emission. While most known microchannel plates are
tabricated from lead glass material systems, the microchannel
plate devices of the present invention are not limited to lead
glass material systems. It should be understood that the meth-
ods of forming a resistive and secondary electron emissive
layer by atomic layer deposition according to the present
invention can be used with any type of microchannel plate. In
particular, the microchannel plate devices of the present
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invention may be formed of semiconducting or insulating
maternals. For example, silicon can be used as a substrate for
microchannel plates as described in U.S. Pat. No. 6,522,
061B1 to Lockwood, which 1s assigned to the present
assignee.

FIG. 1 1llustrates a process sequence 100 for fabricating a
plurality of microchannel plate pores 1n a silicon substrate
using an oxidation/re-oxidation reaction according to one
embodiment of the present invention. FIG. 1 illustrates the
fabrication of a single pore 102 to more clearly illustrate the
invention. However, it should be understood that typical
microchannel plates include a very large number of pores,

which may be on the order of several million pores.

In a first step 104, a silicon substrate 106 1s provided.
Microchannel plates fabricated from silicon substrates have
numerous advantages compared with microchannel plates
tabricated from lead glass material systems as described
herein.

In a second step 108, a plurality of pores 102 are formed by
selectively etching the silicon substrate 106. In some embodi-
ments, the silicon substrate 106 1s thinned to a reduced thick-
ness that still provides suificient mechanical strength for fur-
ther processing and handling. For example, the silicon
substrate can be mechanically lapped and polished to reduce
the thickness of the substrate 106 either before or after the
ctch step. In many embodiments, the pores are lithographi-
cally defined so that the area of the plurality of pores 102 1s
exposed for etching.

The pores 102 are etched using a high aspect-ratio etching
process. In some embodiments, the plurality of pores 102 1s
ctched using reactive 1on etching. In other embodiments, the
plurality of pores 102 are etched using another type of high
aspect-ratio etching process, such as reactive 1on beam etch-
ing (RIBE), ion milling and electrochemical etching. The
resulting etched sidewalls may not be perfectly straight
because of the very high aspect-ratio of the pores 102. The
ctched sidewalls can be wider at the top of the substrate 106,
closest to the entrance of the etch material, because the top of
the substrate 106 1s exposed to the etch material for a longer
period of time.

In a third step 110, the plurality of pores 102 are oxidized
so as to grow a silicon dioxide layer 112. The silicon dioxide
layer 112 consumes some of the silicon during the growth
process which reduces the dimensions of the plurality of
pores 102 as the oxide grows. Silicon 1s consumed at a rela-
tively high rate at locations that have relatively rough surface
teatures caused by the directional etching. Consequently, the
s1licon dioxide growth process tends to smooth the surface of
the plurality of pores 102.

In a fourth step 114, the silicon dioxide layer 112 formed in
the third step 110 1s stripped. Removing the silicon dioxide
layer 112 exposes the plurality of etched silicon pores 102.
The surface of the plurality of exposed pores 102 has signifi-
cantly less defects and 1s significantly smoother compared
with the surface of the plurality of pores 102 etched in the
second step 108. In addition, the dimensions of the plurality
of pores 102 are now larger compared with the dimensions of
the pores etched 1n the second step 108 because some silicon
material which was consumed while growing the silicon
dioxide layer 112 1n the third step 110 1s now removed.

In a fifth step 116, the silicon dioxide layer 112 1s re-
ox1idized on the silicon surface that was exposed in the fourth
step 114. That 1s, a new silicon dioxide layer 118 1s grown on
the silicon surface exposed 1n the fourth step 114. The new
silicon dioxide layer 118 consumes additional quantities of
the silicon during the growth process which again reduces the
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6

dimensions of the plurality of pores 102. The silicon re-
oxidation process also tends to further smooth the surface of
the pores 102,

In various embodiments, the fourth and fifth steps 114,116
are repeated a plurality of times. The number of times that the
fourth and fifth steps 114, 116 are repeated 1s determined by
the desired smoothness of the sidewalls forming the plurality

of pores 102 and by the desired dimensions of the plurality of
pores 102. Each time the fourth and fifth steps 114, 116 are

repeated, the sidewalls forming the plurality of pores 102 will
get gradually smoother and the dimensions of the plurality of
pores 102 will get gradually larger.

FIG. 2 illustrates a process sequence 200 for fabricating a
plurality of microchannel plate pores 1n a silicon substrate
using an oxidation/silicon deposition/re-oxidation reaction
according to one embodiment of the present invention. F1G. 2
illustrates the fabrication of a single pore 202 to more clearly
illustrate the invention. However, it should be understood that
typical microchannel plates include a very large number of
pores, which may be on the order of several million pores.

In a first step 204, a silicon substrate 206 1s provided. In a
second step 208, the plurality of pores 202 are formed by
selectively etching the silicon substrate. In some embodi-
ments, the silicon substrate 206 1s thinned to a reduced thick-
ness that still provides suificient mechanical strength for fur-
ther processing and handling. For example, the silicon
substrate can be mechanically lapped and polished to reduce
the thickness of the substrate 206 either before or after the
etch step.

In many embodiments, the pores are lithographically
defined so that the area of the plurality ol pores 202 1s exposed
for etching. The pores 202 are etched using a high aspect-ratio
ctching process. In some embodiments, the plurality of pores
202 1s etched using reactive 1on etching. In other embodi-
ments, the plurality ol pores 202 are etched using another type
of high aspect-ratio etching process, such as reactive 1on
beam etching (RIBE), 1on milling or electrochemical etching.
The resulting etched sidewalls may not be perfectly straight
because of the very high aspect-ratio of the pores 202. The
etched sidewalls can be wider at the top of the substrate 206,
closest to the entrance of the etch maternial, because the top of
the substrate 206 1s exposed to the etch material for a longer
period of time.

In a third step 210, the plurality of pores 202 are oxidized
so as to grow a silicon dioxide layer 212. The silicon dioxide
layer 212 consumes some of the silicon substrate 206 during
the growth process which reduces the dimensions of the plu-
rality of pores 202 as the oxide grows. Silicon 1s consumed at
a relatively high rate at locations that have relatively rough
surface features caused by the directional etching. Conse-
quently, the silicon dioxide growth process tends to smooth
the surface of the plurality of pores 202.

In a fourth step 214, the silicon dioxide layer 212 formed 1n
the third step 210 i1s stripped. This layer may be fully or
partially removed as shown 1n the fourth step 214. Removing
the silicon dioxide layer 212 exposes the plurality of etched
silicon pores 202. The surface of the plurality of exposed
pores 202 has significantly less defects and 1s significantly
smoother compared with the surface of the plurality of pores
202 etched 1n the second step 208. In addition, the dimensions
of the plurality of pores 202 are now larger compared with the
dimensions of the pores etched 1n the second step 208 because
some silicon material which was consumed while growing
the silicon dioxide layer 212 in the third step 210 1s now
removed.

In a fifth step 216, a polysilicon or amorphous silicon layer
217, 217" 1s deposited using Chemical Vapor Deposition
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(CVD) onto the surface of the plurality of pores 202. The fifth
step 216 1s drawn for 1llustrative purposes and carried through
steps 218 and 1s described further 1n connection with FI1G. 3.
A conformal film 217 1s shown and a film whose deposition
parameters have been adjusted to result 1n vertical sidewalls
217'. For example, 1n some processes, the polysilicon or
amorphous silicon layer 217, 217" 1s about 1.5 microns thick.
Also, 1n some embodiments, the polysilicon or amorphous
silicon layer 217, 217" 1s doped. For example, the polysilicon
or amorphous silicon layer 217, 217" can be doped with a
dopant selected from the group III and V elements of the
periodic table, such as boron or phosphorous that increases
oxidation efficiency during the following oxidation process
steps.

The dopant can also be chosen to improve the msulating,
properties of the polysilicon or amorphous silicon. Suitable
dopants include nitrogen and halogens—HCI. Process
parameters for the Chemical Vapor Deposition (CVD) of
Polysilicon can be adjusted so that the film thickness along
the pore varies 1n such a way that the film thickness compen-
sates for the deviation from vertical of the etched sidewalls,
resulting 1n a sidewall that 1s more nearly vertical than the
as-etched sidewall. Examples of such process variables
include deposition temperature, pressure, reactant concentra-
tion, and the presence of dopants. Such process variables
control the rate of surface reactions.

The degree of conformality of coverage for the deposited
f1lm as shown by the difference 1n coverage between films 217
and 217" 1s directly related to the ability of reactants or reac-
tive intermediates to adsorb on the surface and rapidly
migrate along the surface before reacting. Rapid migration of
reactants and reactive intermediates results in a more uniform
surface concentration, which i1s independent of surface topog-
raphy. Therefore, rapid migration of reactants and reactive
intermediates can result 1n a completely umiform and confor-
mal film thickness.

The deposition rate of the film 1s proportional to the arrival
angle of the gas molecules if there 1s no significant surface
migration. The film thickness as a function of the arrival angle
¢=arctan(w/d) and the width of the channel opening can be
calculated, where “w” 1 the

1s the opeming width and “d” 1s t
distance from the top surface when the mean free path of the
gas 1s much larger than the step dimension (1.e. a vertical
surface).

One aspect of the methods of the present invention 1s that
the thickness of the deposited film as a function of depth 1n the
pore can be precisely controlled to achieve any desired thick-
ness profile as a function of depth by controlling the surface
migration of reactants and reactive intermediates. In one
embodiment of the invention, the surface migration of reac-
tants and reactive mtermediates can be chosen so that the
thickness profile as a function of depth compensates for any
sidewall sloping that occurred during etching so as to achieve
pores that are essentially vertical.

In a sixth step 218, the polysilicon or amorphous silicon
layer 217, 217" formed 1n the fifth step 216 1s oxidized. The
polysilicon or amorphous silicon layer 217, 217" 1s relatively
smooth compared with the surface of the plurality of pores
202 etched 1n the second step 208. The oxidation of the
polysilicon or amorphous silicon layer 217, 217' consumes at
least some of the polysilicon or amorphous silicon layer 217,
217'. In the embodiment shown 1n FIG. 2, the polysilicon or
amorphous silicon oxidation consumes all of the polysilicon
or amorphous silicon layer 217, 217" to form an oxidized layer
220, 220"

In an alternative embodiment, the fifth step 216 can include
depositing a silicon dioxide or other insulating film layer,

5

10

15

20

25

30

35

40

45

50

55

60

65

8

such as S1,N 4, S1C, or Al,O,, on the surface of the plurality of
pores 202. In this embodiment, 1t would not be necessary to
perform the oxidization in the sixth step 218, which would
reduce process complexity.

In various embodiments, the fourth, fifth, and sixth steps
214, 216, 218 arc repeated a plurality of times. The number of
times that the fourth step 214 1s repeated 1s determined by the
desired smoothness of the sidewalls forming the plurality of
pores 202. The number of times that the fifth and sixth steps
216, 218 are repeated 1s determined by the desired dimen-
s1ons of the plurality of pores 202. Each time the fourth step
214 1s repeated, the sidewalls forming the plurality of pores
202 will get gradually smoother. However, in this process
sequence, the polysilicon or amorphous silicon deposition 1n
the fifth step 216 provides additional material that decreases
the dimensions of the plurality of pores 202. This additional
material 1s available to be consumed during the polysilicon or
amorphous silicon oxidation step 218.

Therefore, in the process sequence 200 shown 1n FIG. 2,
the process engineer can precisely control the dimensions of
the plurality of pores 202. In various embodiments, the
dimensions of the plurality of pores 202 can be increased,
decreased, or can remain substantially the same as the dimen-
s1ons of the plurality of pores 202 that are originally etched 1n
the second step 208. Thus, one feature of the present invention
1s that the process of fabricating a plurality of pores 202
according to the present invention can precisely control the
critical dimensions of the plurality of pores 202 or any other
structure.

In particular, the process sequence 200 1llustrated in FIG. 2
allows the process engineer to reduce the critical dimensions
of the plurality of pores 202 after the pores are initially
formed 1n the silicon substrate 206. For example, a plurality
of 300 micron long pores have been fabricated according to
the process sequence 200 1llustrated 1n FIG. 2 where the
smallest diameter of the plurality of pores 202 after the selec-
tive etching of the silicon substrate 206 1n the second step 208
was about 15 microns. The number of polysilicon or amor-
phous silicon deposition and polysilicon or amorphous sili-
con oxidation steps was chosen to narrow the smallest diam-
eter of the plurality of pores 202 after performing the desired
number of deposition and oxidation steps to less than 8
microns.

FIG. 3 details the common processing that follows the
process tlows outlined in FIG. 1 and FIG. 2, where a resistive
layer 322 and a secondary electron emissive layer 324 are
deposited onto the surfaces 320, 320' of the plurality of pores
302. The resistive layer 322 has suilicient resistivity to sup-
port a current that 1s adequate to replace emitted electrons and
to allow for the establishment of an accelerating electric field
for the emaitted electrons. The secondary electron emissive
layer 324 1s a layer that emits secondary electrons with high
eificiency. One skilled 1n the art will appreciate that numerous
types of resistive and secondary electron emissive layers can
be used. For example, 1n various embodiments, the resistive
layer 322 can be a zinc-doped, copper oxide nanolaminate
with Al,O, and the secondary electron emissive layer 324 can
be a layer of at least one of Al,O,, MgO, Cu,O, SnO,, BaF',,
Rb,Sn, BeO, and various forms of thin film diamond. One
advantage of depositing the separate resistive 322 and sec-
ondary electron emissive 324 layers 1s that the properties of
the individual layers can be optimized independent of the
other process parameters.

The performance of a microchannel plate 1s determined by
the properties of the resistive and emissive layers that form
the continuous dynodes 1n the channels. These properties
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include the pore length and pore diameter dimensions that are
determined by the substrate and by the etching process.

The continuous dynodes must have emissive and conduc-
tive surface properties that provide at least three different
functions. First, the continuous dynodes must have emissive
surface properties desirable for efficient electron multiplica-
tion. Second, the continuous dynodes must have conductive
properties that allow the emissive layer to support a current
adequate to replace emitted electrons. Third, the continuous
dynodes must have conductive properties that allow for the
establishment of an accelerating electric field for the emitted
clectrons.

In prior art MCP devices, the performance of these three

functions, emitting secondary electrons, replacing emitted
clectrons, and establishing an accelerating electric field for
the emitted electrons, cannot typically be simultaneously
maximized. In fact, most known microchannel plates are
fabricated to optimize the resistance of the emissive layer
rather than to optimize the secondary electron emission.
In one aspect of the present invention, a microchannel plate
according to the present invention includes resistive and a
secondary electron emission layers that can be optimized
independently of other parameters to achieve a various per-
formance goals, such as a specific operating current or
dynamic range and a high secondary electron emission eifi-
ciency. These layers can also be optimized separately to
achieve high or maximum lifetime. Such a microchannel
plate has significantly improved microchannel plate gain and
lifetime performance compared with known microchannel
plate devices.

In some embodiments of the present invention, the resistive
322 and secondary electron emissive layer 324 are deposited
by Atomic Layer Deposition (ALD). Atomic layer deposition
has been shown to be eflective 1n producing highly uniform,
pinhole-iree films having thickness that are as thin as a few
Angstroms. Films deposited by ALD have relatively high
quality and high film integrity compared with other methods,
such as physical vapor deposition (PVD), thermal evapora-
tion, and chemical vapor deposition (CVD).

Atomic Layer Deposition (ALD) 1s a gas phase chemical
process used to create extremely thin coatings. Atomic layer
deposition 1s a variation of CVD that uses a self-limiting
reaction. The term “self-limiting reaction™ 1s defined herein to
mean a reaction that limaits itself 1n some way. For example, a
self-limiting reaction can limit itself by terminating after a
reactant 1s completely consumed by the reaction.

Atomic layer deposition reactions typically use two chemi-
cals, which are sometimes called precursor chemicals. These
precursor chemicals react with a surface one-at-a-time 1n a
sequential manner. A thin film 1s deposited by repeatedly
exposing the precursors to a growth surface. For example,
ALD can be performed by sequentially combining precursor
gas A and precursor gas B 1n a process chamber. In a first step,
a gas source 1njects a pulse of precursor gas A molecules into
the process chamber. After a short exposure time, a mono-
layer of precursor gas A molecules deposits on the surface of
the substrate. The process chamber 1s then purged with an
inert gas. During the first step, precursor gas A molecules
stick to the surface of the substrate 1n a relatively uniform and
conformal manner. The monolayer of precursor gas A mol-
ecules covers the exposed areas including the high aspect-
ratio pores 102 (FIG. 1) in a relatively conformal manner with
relatively high uniformity and minimal shadowing.

Process parameters, such as chamber pressure, surface
temperature, gas injection time, and gas flow rate can be
selected so that only one monolayer remains stable on the
surface of the substrate at any given time. In addition, the
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process parameters can be selected for a particular sticking,
coellicient. Plasma pre-treatment can also be used to control
the sticking coetficient.

In a second step, another gas source briefly 1njects precur-
sor gas B molecules ito the process chamber. A reaction
between the mjected precursor gas B molecules and the pre-
cursor gas A molecules that are stuck to the substrate surface
occurs which forms a monolayer of the desired film that 1s
typically about 1-2 Angstroms thick. This reaction 1s seli-
limiting because the reaction terminates aiter all the precursor
gas A molecules are consumed 1n the reaction. The process
chamber 1s then purged with an 1nert gas.

The monolayer of the desired film covers the exposed areas
including vias, steps and surface structures in a relatively
conformal manner with relatively high uniformity and mini-
mal shadowing. The precursor gas A molecules and the pre-
cursor gas B molecules are then cycled sequentially until a
f1lm having the desired total film thickness 1s deposited on the
substrate. Cycling the precursor gas A molecules and the
precursor gas B molecules prevents reactions from occurring
in the gaseous phase, thereby generating a more controlled
reaction.

In various embodiments, the atomic layer deposition pro-
cess for depositing the resistive 322 and secondary electron
emissive layer 324 can be designed to optimize the resistive
322 secondary electron emissive 324 layers independently of
other parameters to achieve a targeted operating current or
dynamic range or a high secondary electron emission effi-
ciency. The resistive 322 and secondary electron emission
324 layers can also be optimized independently of other
parameters to achieve high or maximum lifetime. The
improvement in lifetime results at least in part from the ability
of the resistive and emissive films to prevent 10n emission into
the channel. The resistive and emissive films can be fabricated
according to the present mvention to provide a substantial
barrier to 10on emission nto the channel by depositing the
f1lms with suificient purity so as to minimize the ion content.
Such films can also be fabricated to provide a barrier to 1on
migration from the substrate, which also limits the emission
ol 1ons and improves the lifetime. Such a microchannel plate
can have significantly improved microchannel plate gain and
lifetime performance compared with known microchannel
plate devices.

EQUIVALENTS

While the present teachings are described in conjunction
with various embodiments and examples, it 1s not intended
that the present teachings be limited to such embodiments. On
the contrary, the present teachings encompass various alter-
natives, modifications and equivalents, as will be appreciated
by those of skill in the art, which may be made therein without
departing from the spirit and scope of the mvention.

What 1s claimed 1s:

1. A method of fabricating a silicon microchannel plate, the
method comprising:

a. forming a plurality of pores 1n a silicon substrate;

b. oxidizing the plurality of pores, thereby consuming sili-
con at surfaces of the plurality of pores and forming a
silicon dioxide layer over the plurality of pores;

c. stripping at least a portion of the silicon dioxide layer,
thereby reducing a surface roughness of the plurality of
pores;

d. depositing a film on a surface of the silicon dioxide layer;
and

¢. depositing resistive and secondary electron emissive
layers on the deposited film.
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2. The method of claim 1 wherein the plurality of pores are
formed by at least one of reactive 1on etching, reactive 1on
beam etching, and electrochemical etching.

3. The method of claim 1 wherein the deposited film on the
surface of the silicon dioxide layer comprises a semiconduct-
ing film which 1s thermally oxidized to produce an insulating
{1lm.

4. The method of claim 1 wherein the deposited film on the
surtface of the silicon dioxide layer comprises an oxide of at
least one element selected from of the group consisting of Al,
S1, Zr, Hi, Ta, and Ti.

5. The method of claim 1 wherein the deposited film on the
surface of the silicon dioxide layer comprises a nitride of at
least one element selected from of the group consisting of Al,
S1, Zr, Hi, Ta, and Ti.

6. The method of claim 1 wherein the emissive layer com-
prises an oxide of at least one element selected from of the
group consisting of Al, S1, Mg, Sn, Ba, Ca, Sr, Sc, Y, La, Zr,
Hft, Ta, T1, V, Cs, B, Nb, Be, and Cr.

7. The method of claim 1 wherein the emissive layer com-
prises a nitride of at least one element selected of the group
consisting ol Al, S1, Mg, Sn, Ba, Ca, Sr, Sc, Y, La, Zr, Hi, Ta,
11, V, Cs, B, Nb, Be, and Cr.
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8. The method of claim 1 wherein the depositing the resis-
tive layer on the oxide layer by atomic layer deposition com-
prises adjusting process parameters to achieve a desired cur-
rent that replaces emitted electrons during operation.

9. The method of claim 1 wherein the depositing the sec-
ondary electron emissive layers on the oxide layer by atomic
layer deposition comprises adjusting process parameters to
maximize secondary electron etficiency.

10. The method of claim 1 wherein the depositing the
resistive and secondary electron emissive layers on the depos-
ited film by atomic layer deposition comprises depositing
resistive and secondary electron emissive layers that improve
lifetime of the microchannel plate.

11. The method of claim 1 wherein the deposited film on
the surface of the silicon dioxide layer 1s deposited to achieve
a desired sidewall shape.

12. The method of claim 1 wherein the depositing the
resistive and the secondary electron emissive layers on the
film comprises depositing the resistive and the secondary

clectron emissive layers on the film by atomic layer deposi-
tion.
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